A visible light-driven CdS-ZnS photocatalyst in the form of nanoparticles with a 2 heterogeneous structure was synthesized using the stepped microemulsion method. The 3 composite CdS-ZnS was capable of simultaneous photocatalytic hydrogen production and 4 organic degradation under visible light. The ZnS deposition on CdS helped suppress the 5 recombination of electron/hole pairs generated on the more reactive CdS, leading to faster 6 hydrogen production and improved stability of the CdS-ZnS in comparison to the bare CdS 7 catalyst. Deposition of Ru on the catalyst surface further increased its photo-reactivity by 8 about 4 times for hydrogen production. The heterostructured nanoparticles were effective in 9 photocatalytic hydrogen production together with the degradation of model organic 10 substances, including formic acid, methanol, and ethanol. The highest hydrogen production 11 2 rate was achieved by the (CdS-ZnS)/Ru catalyst at 266 mmol/m 2 -h in the formic acid 12 solution with an energy conversion efficiency of 3.05% in visible light, and the 13 corresponding organic degradation rate in terms of the removal of chemical oxygen demand 14 (COD) was estimated at 4272 mg COD/m 2 -h. 15 16
Introduction

20
Hydrogen is one of the most promising clean and renewable energy carriers. It has a 21 high combustion value and a near-zero level of pollutant and greenhouse gas emissions. 22
Photocatalytic hydrogen generation from water is an attractive and environmentally-friendly 23 method to harvest the solar energy [1] . However, while visible light (λ>420 nm) covers a 24 large portion of the solar spectrum, most photocatalysts, such as TiO 2 , function only under the 25 energy-intensive UV light. Efforts have been made to develop novel photocatalysts, such as 26 metal oxides (e.g. ZnO) and metal sulfides (e.g. CdS), that response to both UV and visible 27 lights for water photolysis and hydrogen production [2, 3] . However, the solar energy 28 conversion efficiency of these photocatalysts for hydrogen generation is still rather low due to 29 mainly the recombination of photo-generated electron/hole pairs [4] . Moreover, an increase in 30 reactivity of the photocatalyst would often result in a decrease in stability of the catalyst, 31 leading to a rapid loss of its catalytic capability to photo-corrosion [5] . 32
Characterization of the photocatalysts 87
The size distribution of the catalyst particles was measured by a laser diffraction particle 88 size analyzer (Delsa™ Nano, Beckman Coulter). The BET surface area of the photocatalyst 89 was determined by a surface area analyzer (SA3100, Beckman Coulter). The diffuse 90 reflection spectrum (DRS) of the photocatalyst was obtained using a UV-vis 91 spectrophotometer (Lambda 25, Perkin Elmer) that was converted from the reflection 92 function to the absorbance function following the Kubelka-Munk method [17] . The 93 crystalline phases and structural features of the catalysts were analyzed by an X-ray 94 diffraction (XRD) system (D8 Advance, Burker AXS) with the Cu Kα irradiation from 10 to 95 90 degrees. The morphology of the catalyst particles was examined and their selected area 96 electron diffraction (SAED) pattern was obtained using a transmission electron microscope 97 (TEM) (Tecnai G2 20 S-TWIN, Philips FEI). In addition, the TEM equipped with an energy-98 dispersion spectroscopy (EDS) was employed to obtain the element mapping distribution for 99 the photocatalyst. 100
101
Photocatalytic H 2 production in different model organic solutions under visible light 102
The photocatalytic hydrogen production experiments were conducted in a circular photo 103 cell made of Pyrex class with a quartz window on the top. A 300 W Xe lamp (wavelength 104 250-750 nm) was used in a light source setup (PLS-SXE, Trustech) to simulate the solar light. 105
A cutoff (λ < 420 nm) filter was installed to yield only visible light (light intensity ~ 70 106 mW/cm 2 measured by a light power meter, I400, Trustech) over a lighting area of 33 cm Different model organic compounds, including formic acid, methanol and ethanol, were 110 tested as electron donors for photocatalytic hydrogen production. The solution had an organic 111 content of 10% and was kept at pH~7. The gas produced during the photo-tests was collected, 112 and the H 2 and CO 2 contents were analyzed by a gas chromatograph (GC HP5890 Series II, 113
Hewlett Packard). Each run of the photo-test lasted for around 4 hrs. The H 2 production rate 114 for a test was calculated from the slope of the linear regression of the accumulated hydrogen 115 production vs. time. Each test was repeated at least once, and the average results are reported 116 for the duplicate. The reactivity of the photocatalyst was evaluated in terms of the specific 117 hydrogen production rate (R) and the energy conversion efficiency (η), as described by the 118 following equations: 119 where R A and R w are the area-based and weight-based specific hydrogen production rates, 123 respectively, Δm H2 is the moles of H 2 production measured, Δt the duration of the photo-124 reaction, A the irradiation area (33 cm 2 ), W is the amount (weight) of the catalyst in the photo 125 cell, ΔH c is the combustion value of H 2 (286 kJ/mol) and I the light density. The hydrogen 126 production rates reported below were normally obtained from the first 2 or 3 test runs for the 127 newly prepared photocatalysts. 128
The quantum yield (QY) of the photocatalytic reaction was also calculated as follows, 129 which has been used to evaluate the reactivity of a photocatalyst for H 2 production under light . 234
The photocatalytic hydrogen production rates increased as the model organic 235 concentration in solution increased ( Figure 5B ). For formic acid in the concentration range of 236 0-10%, the H 2 production rate by CdS-ZnS increased linearly (r = 0.98) with the formic acid 237 concentration. Beyond the range (>10%), the H 2 production rate did not show a significant 238 increase with the formic acid concentration. For both methanol and ethanol, the 239 photocatalytic hydrogen production rate also increased nearly linearly with the organic 240 concentration. As the initial concentration decreased to a low level of 500 mg/L, hydrogen 241 still could be produced from methanol and ethanol at 12.3±2.5 and 9.6±2.0 mmol/m 2 -h, 242 respectively. The specific hydrogen production rates based on the irradiation area or the 243 amount of catalyst were summarized in Figure 6 . The hydrogen production rates in the 244 methanol and ethanol solutions were 220.9±5.2 mmol/m 2 -h and 122.1±3.0 mmol/m 2 -h, 245 respectively, which are more than 2.5 times higher than that reported by Zhang and Zhang 
